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The event that visibly breaks the symmetry of the Dictyostelium aggregate is the formation of a nipple-shaped tip at its
apex, but there has been considerable debate as to the equivalence of cells entering development, particularly with regard
to the effect of cell cycle position at the onset of starvation. We show that there is a strong correlation between cell cycle
position at the time of starvation and the subsequent expression of a marker of tip cell differentiation. Cells starved in
late-G2 phase selectively differentiate into tip cells. Previous evidence indicated that tip cells differentiate at the extreme
periphery of the aggregate and then move to the apex. Taken in combination, these data suggest that cell cycle position
at the onset of starvation affects differentiation fate by determining a cell's probable position within the aggregate, i.e.,
that both cell cycle and positional information are used to generate pattern. q 1997 Academic Press
By starving cells at different times after a temperature concentrated within the tip (Early et al., 1995). The fact
shock it is possible to generate two populations of cells that cells starved late in G2 phase and pstA cells show
that differ in their cell cycle position and in their sorting this apparent similarity in sorting behavior led to the
behavior during development (Maeda et al., 1989). Cells suggestion that they are the same population of cells
starved in late-G2 phase aggregate more slowly than cells (Early et al., 1995). Here we test this hypothesis.
starved in mid-G2 phase (these were respectively termed In order both to trace the fate of cells and to determine
T1 and T7 cells in previous studies, Maeda et al., 1989) their state of differentiation, doubly transformed cell
so that, when mixed with unsynchronized cells, the late- populations were generated. As a fate marker the cells
G2-phase cells accumulate at the periphery of the loose contained Actin15:ntGUS, a nuclear ``tagged'' b-gluco-
mound (Araki et al., 1994). Subsequently the cells starved ronidase reporter construct that marks the nuclei of all
in late-G2 phase undergo a complete reversal in their rela- cells. They additionally contained either ecmA:lacZ, the
tive position and accumulate at the apex of the tight reporter construct that de®nes pstA cells (Early et al.,
mound, where they form a nipple-shaped structure that 1995), or pspA:lacZ, a reporter construct speci®c for pre-
spore cells (Dingermann et al., 1989). These two popula-is the precursor of the slug tip.
The slug tip is composed of a subpopulation of the tions will respectively be referred to as pstA- and psp-
marked cells.prestalk cells, the pstA cells, that are identi®ed by their
ability to express reporter gene fusions containing cap- In all the experiments to be described one or the other
of the two marked cell populations was mixed at a ratiosite-proximal elements from the promoter of the ecmA
gene. During slug formation pstA cells ®rst become de- of 1 to 10 with unmarked cells and allowed to develop to
the tight aggregate stage and the reporter proteins weretectable at the extreme periphery of the loose aggregate,
subsequently they are found scattered throughout the visualized immunohistochemically. Both the marked
and the unmarked cells were synchronized in the cellmass of the tight aggregate, and later still, they become
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FIG. 1. The differentiation of pstA-marked cells. (A) Double transformant cells containing the ecmA:lacZ (Early et al., 1995) and
A15:ntGUS (Traynor, D., and Williams, J. G., unpublished results) reporter constructs (i.e., pstA-marked cells) were synchronized by
temperature shift and harvested at the T1 stage (Maeda et al., 1989), i.e., in late-G2 phase. They were mixed with T7 (i.e., mid-G2 phase,
Maeda et al., 1989) nontransformed Ax-2 cells at a ratio of 1:10, developed on transparent Millipore ®lters placed on nonnutrient agar,
®xed at the tight aggregate stage, and double stained using an anti-b-glucoronidase (FITC-labeled) and an anti-b-galactosidase (TRITC-
labeled) antibody. (B) pstA-marked cells harvested at T7 (i.e., in mid-G2 phase) were mixed with Ax-2 cells harvested at T1 (i.e., late-G2
phase), allowed to develop and analyzed as in A. Scale bar, 25 mm.
cycle using the temperature shift method and harvested Late-G2-Phase Cells Differentiate into pstA Cells,
at either 1 h (to yield late-G2-phase cells) or 7 h (to yield While Mid-G2-Phase Cells Do Not
mid-G2-phase cells) after the shift. Under these condi-
When pstA marked cells starved in late-G2 phase weretions cell doubling occurs within 1 to 3 h after the shift
(Maeda et al., 1989). mixed with a 10-fold excess of unmarked cells starved at
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FIG. 2. The differentiation of psp-marked cells. (A) Double transformant cells containing the pspA:lacZ (Dingermann et al., 1989) and
A15:ntGUS reporter constructs (i.e., psp-marked cells) were synchronized by temperature shift and harvested at the T1 stage (late-G2
phase, Maeda et al., 1989). They were mixed with synchronized T7 nontransformed Ax-2 cells (i.e., mid-G2 phase, Maeda et al., 1989)
and analyzed as in Fig. 1B. psp-marked cells harvested at T7 (mid-G2 phase) were mixed with Ax-2 cells harvested at T1 (late-G2 phase),
allowed to develop, and analyzed as in Fig. 1. Scale bar, 25 mm.
mid-G2 phase, and the resultant aggregates were ®xed at the anti-b-galactosidase antibody and therefore gave either
a red ¯uorescence signal or, in those cells where there wasthe tight mound stage, the late-G2-phase cells (marked by
the green, nuclear ¯uorescence that indicates Actin15:b- a suf®ciently high signal from the ¯uorescein-labeled fate
marker, a red cytoplasmic ¯uorescence with yellow ¯uo-glucoronidase expression) were, as expected (Araki et al.,
1994), distributed in an apparently random fashion. Many rescence within the nucleus (e.g., the cell arrowed in Fig.
1). The red staining shows that the cells starved in late-G2of the cells starved in late-G2 phase were also stained by
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phase were expressing, or at some time had expressed, the 1997) because the bias we see occurs in just one of the two
main subclasses of prestalk cells and these previous studiespstA:lacZ construct. Thus many cells starved in late-G2
phase differentiate into pstA cells. focused on the entire prestalk population. However, our
results give strong support to the general principle that cellIn the complementary experiment, using pstA cells
starved in mid-G2 phase and mixed with cells starved in heterogeneity, endowed by cell cycle position at the time
of starvation, is part of the symmetry-breaking mechanismlate-G2 phase, there was a dramatic difference. Again, the
constitutively expressed marker (green ¯uorescence) in Dictyostelium development.
showed that the pstA marked cells were randomly distrib-
uted but there was little or no expression of the pstA:lacZ
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